The serotonin transporter gene (5-HTT/SLC6A4)-linked polymorphic region has been suggested to have a modulatory role in mediating effects of early-life stress exposure on psychopathology rendering carriers of the low-expression short (s)-variant more vulnerable to environmental adversity in later life. The underlying molecular mechanisms of this gene-by-environment interaction are not well understood, but epigenetic regulation including differential DNA methylation has been postulated to have a critical role. Recently, we used a maternal restraint stress paradigm of prenatal stress (PS) in 5-HTT-deficient mice and showed that the effects on behavior and gene expression were particularly marked in the hippocampus of female 5-Htt+/ − offspring. Here, we examined to which extent these effects are mediated by differential methylation of DNA. For this purpose, we performed a genome-wide hippocampal DNA methylation screening using methylated-DNA immunoprecipitation (MeDIP) on Affymetrix GeneChip Mouse Promoter 1.0 R arrays. Using hippocampal DNA from the same mice as assessed before enabled us to correlate gene-specific DNA methylation, mRNA expression and behavior. We found that 5-Htt genotype, PS and their interaction differentially affected the DNA methylation signature of numerous genes, a subset of which showed overlap with the expression profiles of the corresponding transcripts. For example, a differentially methylated region in the gene encoding myelin basic protein (Mbp) was associated with its expression in a 5-Htt-, PS-and 5-Htt × PS-dependent manner. Subsequent fine-mapping of this Mbp locus linked the methylation status of two specific CpG sites to Mbp expression and anxiety-related behavior. In conclusion, hippocampal DNA methylation patterns and expression profiles of female prenatally stressed 5-Htt+/ − mice suggest that distinct molecular mechanisms, some of which are promoter methylation-dependent, contribute to the behavioral effects of the 5-Htt genotype, PS exposure and their interaction.
INTRODUCTION
Prenatal stress (PS) exposure has been shown to affect fetal brain development and to increase the risk for later-life psychopathology. 1 Furthermore, the serotonin transporter gene (5-HTT/SLC6A4)-linked polymorphic region (5-HTTLPR) is assumed to modulate the interaction between developmental stress exposure and emotional dysregulation later in life in both nonhuman primates and humans. 2, 3 The exact molecular mechanisms underlying this gene-by-environment (G × E) interaction, however, remain to be elucidated.
Recently, using a maternal restraint stress paradigm of PS in wild-type (WT, +/+) and heterozygous (+/ − ) 5-Htt deficient mice, we have shown that the long-term behavioral effects of PS are partly dependent on the 5-Htt genotype. 4 Although mice carrying the 5-Htt+/ − genotype showed well-defined adaptive capacity, for example, in terms of cognitive performance, this advantage came at the expense of an increased vulnerability to PS exposure especially in female offspring. Moreover, gene expression profiles of the hippocampus indicated that distinct molecular mechanisms were associated with effects of 5-Htt+/ − genotype, PS exposure and their interaction. More specifically, mitogen-activated protein kinase and neurotrophin signaling were regulated by both the 5-Htt+/ − genotype and PS exposure, whereas cytokine and wingless-type MMTV integration site family (Wnt) signaling were affected in a 5-Htt genotype × PS manner, indicating a G × E interaction at the molecular level.
Epigenetic processes such as DNA methylation and histone modifications translate external stimuli into changes of gene expression and, as such, have a pivotal role in the interaction of genetic and environmental factors in determining an individual's phenotype. Thus, epigenetic programming during development may contribute to the etiology and influence the course of neuropsychiatric disorders. 5 Recent work in rodents has shown that epigenetic mechanisms regulate various signaling pathways previously implicated in anxiety-and depression-like behavior. 6, 7 In light of these findings, the present study aimed to examine the role of DNA methylation in mediating differential gene expression observed in the 5-Htt × PS paradigm. Genome-wide promoter methylation was assessed using methylated-DNA immunoprecipitation (MeDIP) followed by high-resolution DNA promoter array DNA methylation analysis DNA methylation was assessed by MeDIP (Diagenode, Liège, Belgium) using an antibody against 5-methylcytosine followed by GeneChip Mouse Promoter 1.0 R tiling array (Affymetrix, Santa Clara, CA, USA) using the right part of the hippocampus (see Supplementary Methods for more details). The MeDIP array data were subjected to within-sample pairwise LOESS normalization and calculation of MeDIP-input signal log 2 ratios. Betweensample quantile normalization was applied to the signal log 2 ratios, followed by a 300 bp sliding-window median smoothing. Autosomal regions enriched by the MeDIP procedure were detected by the CMARRT algorithm. 9 With the present ( = 1) and absent ( = 0) calls for MeDIP enrichment, effect directions were determined as previously described. 4 Briefly, genotype (G) effect directions (d) were calculated by G d = ((5-Htt+/ − C+5-Htt+/ − PS) − (5-Htt+/+ C+5-Htt+/+ PS)) × 0.5, environment (E) effect directions by E d = ((5-Htt+/+ PS+5-Htt+/ − PS) − (5-Htt+/+ C+5-Htt+/ − C)) × 0.5 and interaction (G × E) effect directions by G × E d = ((5-Htt+/ − PS − 5-Htt+/ − C) − (5-Htt+/+ PS − 5-Htt+/+ C)) × 0.5. For a detailed description of the bioinformatics, see Supplementary Methods. No 'cutoff' value for the fold change was applied. For optimizing discrimination of differentially methylated regions (DMRs) associated with the same gene, a unique DMR identification number was assigned to each DMR. Sometimes, more than one gene was annotated to one DMR. The validity of the methylation data obtained from the promoter array was tested by pyrosequencing and MeDIP quantitative real-time PCR (MeDIPqPCR). For more details on procedures and methods, as well as PCR and sequencing primers used, see Supplementary Material. Microarray data has been deposited in MIAME-compliant form in Gene Expression Omnibus (http://www.ncbi.nlm.nih.gov/geo) with the accession number GSE51634.
Overlap of DNA methylation with gene expression
In addition to focusing solely on differential DNA methylation, DMRs were also assessed in the context of gene expression changes, as investigated previously in the same mice using GeneChip Mouse Genome 430 2.0 Arrays (Affymetrix). 4 For this purpose, we identified genes that both displayed a modified DNA methylation signature and were differentially expressed in our 5-Htt × PS paradigm. Since their expression data were not available, miRNA were not included in the analyses. Gene expression microarray results were validated and analyzed with regard to specific splice variants using RT-qPCR (for details and primer sequences, see Supplementary Methods and Material). 4 
RESULTS

Genome-wide DNA methylation
The MeDIP promoter array analysis revealed that the methylation status of two to four hundred genomic regions was significantly modified by either the 5-Htt+/ − genotype (G), PS exposure (E) or their interaction (G × E) (Figure 1 ; Supplementary Tables S1-S3 for a complete overview of all genes significantly affected by G, E and G × E, respectively). More specifically, 235 DMRs, involving 254 genes, were differentially methylated in 5-Htt+/ − when compared with 5-Htt+/+ mice, with 40.9% of the DMRs showing a decreased and 59.1% displaying an increased degree of methylation in 5-Htt +/ − mice ( Figure 1a) . Furthermore, 323 DMRs corresponding to 347 genes were affected by PS exposure. As depicted in Figure 1b , 81.7% DMRs showed an increase in methylation in PS mice compared with controls, whereas in merely 18.3% DMRs methylation was decreased. Finally, the DNA methylation status of 218 genomic regions involving 245 genes was affected by a 5-Htt × PS interaction. Supplementary Table 2 depicts enriched annotation term clusters determined by Functional Annotation Clustering using DAVID 10 (enrichment score 41.3) for DMRs. Two clusters have been found enriched due to genotype, that is, ribosome-associated terms and ion-binding terms. For DMRs affected by PS, five clusters were identified, for example, WD repeat terms containing PAK1 interacting protein 1 (Pak1ip1) and striatin, calmodulin binding protein 3 (Strn3, also known as Sg2na). Another five clusters were enriched due to an interaction of genotype and PS, among them two clusters with cytoskeleton terms and one with EGF-associated terms. The latter comprised genes such as Notch3 and FAT tumor suppressor homolog 1 (Drosophila, Fat1) encoding a gene of the cadherin superfamily.
Differential DNA methylation associated with gene expression changes Next, we examined to which extent these differentially methylated genes also displayed changes in their expression. We compared DMR data with the hippocampal gene expression profiles from the same mice as previously reported. 4 
Epigenetic programming in 5-HTT-deficient mice KG Schraut et al Table. 1. corresponded to 26 DMRs, half of which showed downregulation and the other half upregulation of methylation. Among the differentially methylated/expressed genes were E2F transcription factor 3 (E2f3), kinesin family member 13 A (Kif13a), low density lipoprotein receptor class A domain containing 3 (Ldlrad3), fibroblast growth factor receptor 4 (Fgfr4) and bone morphogenic protein receptor 1b (Bmpr1b). Among the 35 genes of which DNA methylation and expression were differentially affected by PS (Table 1b) , the majority, that is, 28 genes, showed decreased methylation. Among those differentially methylated and expressed genes were the histone acetyltransferase K[lysine] acetyltransferase 2 A (Kat2a), nitric oxide synthase 1 (Nos1), calsyntenin 2 (Clstn2), Musashi homolog 1 (Msi1) and four jointed box 1 (Fjx1). We furthermore detected a DMR about 10 kb upstream of Mir124-2.
Moreover, we found 23 differentially methylated/expressed genes that were affected in a 5-Htt × PS fashion (Table 1c) . Among them were ankyrin 3, epithelial (Ank3), calcineurin binding protein 1 (Cabin1), myelin basic protein (Mbp), phospholipase A2, group V (Pla2g5) and the guanine nucleotide exchange factor pleckstrin and Sec7 domain containing 3 (Psd3).
Of note, 60% and 63% of the differentially methylated/ expressed genes that were affected by a G and E effect, respectively, followed the canonical anticorrelation of promoter methylation and gene expression, that is, increased promoter methylation and decreased gene expression or vice versa. The remaining differentially methylated/expressed genes showed an 'atypical' pattern.
Methylation of an intronic sequence in the Mbp gene Mbp, which was both differentially methylated and expressed in a G E interaction dependent manner, was first validated in terms of methylation, using MeDIP-qPCR. As presented in Table 1c , Mbp methylation, as assessed by MeDIP-chip, was decreased in 5-Htt +/+ mice exposed to PS compared with 5-Htt+/+ controls, whereas almost no PS-dependent change in methylation was observed in 5-Htt+/ − mice. RT-qPCR with the same MeDIP DNA as used for the promoter array detected high enrichment of methylated DNA (meDNA) at the described locus ( Figure 2a ) and a similar methylation pattern as obtained from the array, that is, slight decrease in methylation in 5-Htt+/+ animals and an increase in methylation in 5-Htt+/ − animal after PS. Moreover, we found an increase in meDNA-enrichment in 5-Htt+/ − animals compared with 5-Htt+/+ (Kruskal-Wallis P = 0.046, Mann-Whitney P = 0.004). As a negative control, we analyzed part of the 5′-flanking region of Mir137 that did not harbor a DMR in our analysis (data not shown) and confirmed that there were no changes in methylation at this gene locus. We then assessed whether the observed signal was based on a methylation change covering the whole genomic region, or whether it originated from one or more specific CpG sites. For this purpose, we analyzed DNA methylation of 13 CpG sites in the Mbp DMR using pyrosequencing on bisulfite-treated DNA. Supplementary Figure 1 shows the percentage of unconverted cytosines, representing methylated cytosines, at CpG sites 1 through 13. As indicated by MeDIP RT-qPCR, pyrosequencing showed a high degree of methylation, that is, 70-90%. The pyrosequencing results revealed that CpG sites 12 and 13 showed a modest but significant increase in methylation in 5-Htt+/-mice when compared with 5-Htt+/+ animals (two-way analysis of variance (ANOVA) P = 0.031 and P = 0.019, respectively, Figure 2b ). Interestingly, the methylation pattern at CpG site 12 matched the observed methylation pattern of the array and, in addition, showed a trend toward a 5-Htt × PS interaction effect (two-way ANOVA P = 0.066). Moreover, there was a significant negative correlation of methylation status at CpG site 12 and 13 with Mbp expression (Spearman correlation, r = − 0.412, P = 0.012 and r = − 0426, P = 0.010, respectively). Noteworthy, the methylation status at CpG site 12 further correlated with the time spent in the open arms of and distance moved in the elevated zero maze (EZM; Spearman correlation, r = 0.396, P = 0.020 and r = 0.345, P = 0.046, respectively). Similar effects were observed when correlating individual Mbp expression levels obtained by RTqPCR with time spent in the open arms of and distance moved in the EZM (Spearman correlation, r = − 0.452, P = 0.007 and r = − 0.358, P = 0.037, respectively).
Moreover, since different splice variants of Mbp have different functions, we proceeded to elucidate which exact Mbp splice variants were differentially expressed. In our previous work, 4 we found a G, E and G × E effect on total Mbp expression. As Supplementary Figure 1 illustrates, the Golli/Mbp gene locus harbors a variety of splice variants. The primers were located in the 3′ UTR of most of the Mbp transcripts, thus the signal could not be attributed to a specific splice form. By using primer pairs either recognizing exon I and exon III (Mbp without exII) or exon II and exon III (Mbp with exII) of Mbp for RT-qPCR, we found a G × E interaction and a PS effect for Mbp lacking exII (two-way ANOVA, P = 0.017 and P = 0.021, Supplementary Figure 2) and an increase in expression of Mbp transcripts containing exon II in PS mice (Mann-Whitney U P= 0.009). We furthermore found that the expression of two Golli transcripts was changed in a G × E manner (two-way ANOVA P = 0.017, data not shown). When looking at other myelin protein encoding genes, they all showed the same expression pattern as Mbp. As depicted in Supplementary Figure  2 , we found a G × E interaction and a G effect for myelin oligodendrocyte glycoprotein (Mog; two-way ANOVA, P = 0.035 and P = 0.049). Expression of myelin-associated glycoprotein (Mag) showed a trend for an increase in 5-Htt+/+ mice exposed to PS (Kruskal-Wallis P = 0.027, Mann-Whitney P = 0.081), but not in 5-Htt+/ − , hinting toward a G × E interaction. Moreover, the expression of Mbp w/o exII, Mag, Mog and Sox10 was highly correlated with each other within the hippocampus (Spearman correlation, 0.673 o ro 0.952, P o 0.0001, Bonferroni-corrected). The expression changes of proteolipid protein (myelin) 1 (Plp1) did not reach statistical significance, although clearly displaying the same expression pattern. We furthermore found a PS effect on Sox10 expression (two-way ANOVA, P = 0.011). A Modulated Modularity Clustering 11 analysis using our array expression data of myelin-associated genes revealed several clusters of correlating myelin-associated genes (Supplementary Figure 3 and Supplementary Table 4 ). The first large cluster, module 5, comprises 15 myelin-associated genes, among them Mbp, Mobp, Mag, Tspan2, Pten, Mal, Ugt8a and Plp1 that correlate highly in expression (r = 0.73).
DISCUSSION
In the present study, a genome-wide DNA methylation screening was performed in offspring of 5-HTT-deficient mice subjected to PS. 5-Htt genotype, PS and their interaction differentially affected the DNA methylation signature of more than 800 genes to which the expression of a subset of these genes was related in a genotype-, PS-or G × E-specific manner.
We had previously reported various behavioral alterations using the same maternal restraint stress paradigm of PS in 5-Htt+/ − mice (overview summarized in Supplementary Table 3) . 4 Exposure of 5-Htt+/ − mice to PS was associated with increased depressionlike behavior in the forced-swim test, an effect that was particularly pronounced in female offspring. Similar preliminary results were obtained by Markova et al. 12 in the modified forcedswim test. On the other hand, control 5-Htt+/ − showed relatively lower levels of depression-like behavior, hence, a 5-HTT deficit may also be beneficial when facing an acute challenge in adulthood. This indicates a complex interaction of variation in 5-Htt genotype and early-life environment in different sexes where a deficit in 5-HTT is not necessarily a disadvantage. 13 We furthermore found that the 5-Htt genotype, PS and their interaction differentially affected the expression of numerous genes and related pathways in the hippocampus of female mice.
In the present study, we analyzed hippocampal genome-wide promoter DNA methylation signatures in the same mice by applying MeDIP DNA to a genome-wide promoter tiling array. Several hundred DMRs that were influenced by 5-Htt genotype, PS or their interaction were identified. Functional Annotation Clustering using DAVID revealed enrichment of ribosomeassociated annotations and ion-binding terms due to genotype and enrichment of WD repeat and SH3 domain terms due to PS. The latter term comprises Pak1ip1, which is involved in the p53-dependent regulation of cell growth and proliferation in response to stressors, 14 and Strn3, a gene encoding a Ca 2+ -calmodulin binding protein mainly expressed in the brain, cerebellum, muscle and lung. 15 In the hippocampus, it is expressed in pyramidal and granular cells. 15 Pacsin2 is a member of the protein kinase C and casein kinase substrate-in-neurons family and involved in linking the actin cytoskeleton with vesicle formation by regulating tubulin polymerization. Terms enriched for a G × E effect comprised two clusters of cytoskeleton-associated terms and one EGF-associated cluster. The EGF cluster contained Notch3, a gene expressed in the ventricular zones and suggested to have a role in CNS development. 16 Of note, in zebrafish, Notch3 was found to be essential for oligodendrocyte development and a Notch3 mutation led to a decrease in oligodendrocyte numbers accompanied by decreased Mbp expression. 17 Fat1, a gene encoding a protein of the cadherin family that is highly expressed in the proliferating ventricular zones during prenatal mouse development. 18 Variation in FAT1 has been associated with bipolar disorder. 19, 20 In addition, the DMR-linked genes showed partial overlap with differential gene expression profiles. For example, considering differentially expressed genes, we found increased methylation in response to PS for Clstn2 and Kat2a, whereas methylation levels of Ank3, Cabin1, Mbp, Pla2g5 and Psd3 were influenced in a G × E manner.
We found an increase in methylation in~60% and a decrease iñ 40% of the DMRs when comparing 5-Htt+/ − to 5-Htt+/+ mice. Generally, human s-allele carriers as well as 5-Htt-deficient mice are more sensitive to early-life programming under the influence of (both adverse and positive) environmental changes. 13 Although mostly speculative, considering the important role of 5-HT during brain development, altered central levels of 5-HT during early life may affect the extent to which environmental variation is perceived by and translated or epigenetically programmed into long-term changes in brain function and associated behavioral phenotypes. Notably,~80% of the DMRs showed an increase in methylation when comparing PS with C offspring, whereas only 20% showed a decrease in methylation. This effect might be the consequence of a temporary increase in DNA methyl-transferase activity in PS mice during development. Although this notion awaits further exploration, Mychasiuk et al. 21, 22 found an increase in global DNA methylation in the hippocampus of young female rat offspring in a mild PS as well as in a bystander PS paradigm, in which the cage mate of the pregnant dam is stressed and not the dam directly.
Mbp emerged from our previous study 4 as a gene of interest that was regulated at the mRNA expression level by 5-Htt genotype, PS and the interaction of both. In the present study, the tiling array revealed a DMR at the Mbp locus that was modified by a 5-Htt × PS interaction. Subsequent pyrosequencing indicated differential effects on methylation of the 5-Htt genotype at two out of 13 analyzed CpG sites and a tendency for a G × E interaction effect at CpG site 12. Moreover, methylation at CpG site 12 and 13 correlated negatively with Mbp expression and anxiety-like behavior in the EZM, suggesting functional methylation of Mbp. Noteworthy, similar to our Mbp mRNA expression, findings assessed by RT-qPCR (see van den Hove et al. 4 for more details), Föcking et al. 23 found an increase in hippocampal MBP protein levels in adult 5-Htt+/+ mice after exposure to the exact same PS paradigm. The Golli-Mbp locus comprises three transcription start sites, which result in two different forms of transcripts, the 'classical' Mbp transcripts and the later discovered Golli-Mbp transcripts that contain additional exons at the 5′ end. The MBP protein family is expressed in oligodendrocytes and Schwann cells, whereas the Golli-specific proteins are expressed in myelinproducing and neuronal cells. [24] [25] [26] Expression at the Golli-Mbp locus is subject to complex developmental regulation, involving various splice variants and subsequent posttranslational modifications resulting in MBP proteins ranging from 14 to 21.5 kD in size. 27 The 18.5 kD classic MBP that is essential for CNS myelin formation is the main structural component of myelin in the mature brain. It is forming the major dense line of myelin and functions as a 'molecular sieve' by preventing proteins of the paranodal loops to diffuse into compact myelin. [27] [28] [29] [30] The shiverer mouse model, which is characterized by early-onset generalized tremors and seizures-both becoming more prominent with aging-as well as a shortened lifespan, has sparse and relatively unstructured brain myelin due to a deletion in Mbp. 31, 32 MBPs are intrinsically disordered proteins 33, 34 and due to their structural flexibility they have also been implicated in other functions, for example, as regulators of the cytoskeleton [35] [36] [37] and voltage-gated Ca 2+ channels. [38] [39] [40] [41] Intrinsically disordered proteins have moreover been suggested to function as interaction hubs, which might also be a possible function of MBP, taking into account its cellular abundance. 27, [42] [43] [44] We detected an increase in both Mbp transcripts lacking and containing exon II in PS mice when compared with C mice. Of note, exon II encodes a nucleartrafficking signal. The nuclear-localized 21.5 kD MBP, which arises from a Mbp transcript containing exon II, is important for early myelinisation and has also been suggested to contribute to the differentiation of oligodendrocytes. Smith et al. 45 showed that 21.5 kD MBP facilitates neurite outgrowth and branching of neuronal cells in a coculture of N2a neuronal cells and N19-oligodendrocytes. Furthermore, Kikusui et al. 46 reported that early weaning induced increased anxiety-like behavior in male-outbred IRC mice, paralleled by a decrease in two out of the four investigated MBP isoforms in brain homogenates at 5 weeks of age. These changes in MBP levels were, however, not found in Wistar rats using an early-weaning paradigm. 47 Furthermore, mice deficient for Fyn, a gene encoding a protein-tyrosine kinase involved in posttranscriptional regulation of MBP, show attenuated MBP expression in the forebrain 48 and were reported to show increased anxiety-like behavior when compared with 5-Htt+/+ controls. 49 On the other hand, intracranial injection of apotransferrin into 3-day-old male rats led to increased deposition of abnormally composed myelin and anxiolytic behavior in the elevated plus maze in adult rats when compared with controls. 50 It is assumed that myelinisation influences GABAergic transmission in the hippocampus thereby impacting anxiety-like behavior, 46, 50 since hippocampal GABAergic fibers are myelinated and the majority of cholinergic fibers are not. 51 In line with this notion, our data show a modest but significant negative correlation between Mbp expression and anxiety-like behavior. Various studies in rodents have shown a functional role of the ventral hippocampus in innate anxiety response and particularly its regulatory function for the exploration time of the open arms of the elevated plus maze. [52] [53] [54] For example, injection of the GABA a2 agonist TPA023 into the ventral hippocampus has anxiolytic effects in rats during elevated plus maze exploration. 52 Moreover, MBP is being discussed as a risk gene for schizophrenic disorders and alterations in myelination and oligodendrocyte numbers were found in patients with schizophrenic disorder, major depressive disorder and bipolar disorder. [55] [56] [57] [58] [59] [60] [61] [62] [63] Analysis of the Mbp sequence assessed for differential methylation using JASPAR 64 revealed a putative SOX10 binding site a few base pairs upstream of CpG site 12. SOX10 is a transcription factor essential for terminal differentiation of oligodendroglia and directly impacts Mbp expression. 65 Intriguingly, Mbp expression was reported to be induced by SOX10 in cooperative action with Krox20 and the chromatin remodeling enzymes SWI/SNF. 66 As NG2-positive oligodendrocyte progenitor cells express the glucocorticoid receptor, as well as the glucocorticoid receptor-cofactors SRC-1 and p300, it might be possible that PS exposure affects oligodendrocyte development. 67 Interestingly, Xu et al. 68 found a negative effect of PS on myelination in the hippocampus of 22-day-old Sprague-Dawley rats. Furthermore, Miyata et al. 69 showed that chronic water immersion and restraints stress leads to morphological alterations in oligodendrocytes of the corpus callosum. They furthermore found that dexamethasone exposure of oligodendrocytes in vitro triggers a 1.5-fold increase in MBPpositive oligodendrocyte cell diameter.
Bone morphogenetic protein receptor, type 1B (Bmpr1b) belongs to the class I BMP receptor genes, which are, while functionally redundant, involved in BMP signaling. We detected an increase in DNA methylation in the first intron of Bmpr1b and a decrease in Bmpr1b mRNA expression in 5-Htt+/ − mice compared with 5-Htt+/+ controls. BMP signaling has a pivotal role in dendate gyrus (DG) development and double null mutant Bmpr1b::Bmpr1a mice have smaller DG than controls, which might reflect impaired granule cell production during DG development, and a reduced DG neuronal progenitor pool. 70 Finally, these mice also showed less anxiety-like behavior in the elevated plus maze when compared with WT controls. 70 Our promoter array analysis moreover revealed a PS effect on the methylation status of Calsyntenin 2 (Clstn2) and K(lysine) acetyltransferase 2A (Kat2a). More specifically, PS animals showed an increase in methylation at a DMR 5′ upstream of the Clstn2 gene when compared with C animals. Clstn2 has been identified as one of three calsyntenin genes coding for a postsynaptic protein exclusively expressed in the brain. Hintsch et al. 71 found that, in the hippocampus, Clnst2 was primarily expressed in pyramidal cells of the CA2 and CA3 region, in some scattered interneurons in the pyramidal cell layer of CA1 and in the granular cell layer of the DG. However, little is known about the role of Clnst2 regarding stress exposure. Furthermore, we found an increase in methylation at a DMR (Chr. 9, 97936180 to 97936420) covering several exons and introns in a gene involved in chromatin remodeling, that is, Kat2a, as well as a decrease in expression in this gene in PS mice compared with controls. KAT2A is a histone acetyltransferase linked to transcriptional activation 72 that targets K9, K14 and K18 of histone H3, as well as all four amino-terminal K residues of histone H4. 73 This acetyltransferase can be recruited by several DNA binding factors such as myc, 74, 75 
E2F
76 and p53 77 to induce changes in chromatin structure and activate transcription. Kat2a is critical for both normal embryonal development 78 and normal brain growth, and loss of function of Kat2a results in decreased stem cell proliferation in the murine cortex. 79 Remarkably, we detected both a G and G × E effect on both expression and methylation of the secretory phospholipase A2, group V (Pla2g5) gene. Proteins of the phospholipase A2 family release unesterified arachidonic acid (AA) from membrane phospholipids and are hence key enzymes in the activation of the arachidonic acid cascade. 80, 81 The ω-6 polyunsaturated fatty acid, arachidonic acid, and its metabolites are involved in neurotransmitter release, cerebral blood flow regulation and inflammatory processes, which also have a role in multiple sclerosis and Alzheimer's disease. 82, 83 Other genes that were regulated in a G × E fashion in our study comprise ankyrin 3, epithelial (Ank3, also known as Ankyrin-G), calcineurin binding protein 1 (Cabin1) and pleckstrin and Sec7 domain containing 3 (Psd3, also known as EFA6D). Ank3 encodes a protein that in the brain is localized at the nodes of Ranvier and axonal initial segments 84 where it is involved in the localization of transmembrane adhesion molecules, voltage-gated sodium channels, the spectrin membrane skeleton and potassium channels. 85, 86 Several studies suggested ANK3 as a candidate gene for bipolar disorder. [87] [88] [89] Psd3 is expressed throughout the brain, with highest expression levels found in olfactory bulb, cerebral cortex, hippocampal pyramidal cell layer and cerebellar granule cell layer. 90 Psd3 encodes a guanine nucleotide exchange factor for the small GTPase ARF6, 90 which regulates membrane trafficking and the actin cytoskeleton and is involved in neuronal functions including neurite formation, 91, 92 spine density and maintenance, 93, 94 endo-and exocytosis of synaptic vesicles 95, 96 and receptor internalization. 97 While comparing DNA methylation and gene expression profiles, we noted that only a modest part of the genes for which we found a DMR were also differentially expressed and a considerable proportion of genes did not show an inverse relationship between DNA methylation and expression. This is not surprising as the relation of DNA methylation and gene expression is highly complex. [98] [99] [100] [101] Genome-wide studies show that the influence of DNA methylation on gene expression is very much context dependent. 98 Guo et al., 100 for example, have found only a modest correlation between CpG methylation near transcription start sites and gene expression when analyzing neural activity-induced changes in methylation in murine dentate granule neurons. Depending on CpG density, DMRs have previously been categorized in low-, intermediate-and high-CpG promoters. Methylation of intermediate-CpG promoters and highCpG promoters was associated with inactivity of the promoter in human primary somatic and germline cells, however, only a part of the inactive high-CpG promoters were methylated at all, indicating that methylation of a HPC is not compatible with expression, but lacking methylation does not necessarily indicate promoter activity. In contrast, Weber et al. 98 detected no correlation between the methylation status of low-CpG promoters and promoter activity. Furthermore, both chromatin accessibility, which is also strongly regulated by histone modifications, and the availability of transcription factors are needed for a gene to be expressed, adding another level of complexity to its regulation. In addition, technical and analytical limitations may have contributed to this observation in our study. The tiling array used in this study comprised only promoter regions and thus did not cover all possible gene-related regulatory elements that could have had an influence on gene expression, such as enhancers, silencers or remote control regions. Individual DMRs were also occasionally assigned to two flanking or embedded genes, not necessarily implicating a functional role for both genes. In most cases, expression profiles did not convey splice form-specific information thereby possibly mitigating and concealing the effects of 5-Htt genotype and PS on expression. Comparing methylation levels to gene expression was further complicated by the presence of different cell types with different gene expression and DNA methylation profiles in the hippocampal homogenates that were used in this study.
Assessing the relation of DNA methylation and gene expression is however more complex than initially anticipated. It should be noted that pyrosequencing, which was applied to determine the methylation rate of single CpG sites, is a bisulfite-treated DNAbased technique and thus cannot distinguish between 5-methylcytosine (DNA methylation) and 5-hydroxymethyl-cytosine (DNA hydroxymethylation). This adds another level of complexity when comparing pyrosequencing data with MeDIP data, which are based on a 5-methyl-cytosine-specific antibody. Furthermore, Pvalues represent nominal P-values and n-numbers for promoter array analysis reflect two to three arrays per group. These limitations prompted us to interpret the data with caution and further research is required to reveal to which extent the molecular players identified here may provide useful targets in the development of intervention strategies for stress-related disorders of emotion regulation. The analysis of a single brain region, such as the hippocampus, poses an additional constraint, as other structures, such as the amygdala and the prefrontal cortex, are also known to be involved in stress and emotion regulation. Furthermore, as the left hippocampus was used for the gene expression study and the right hippocampus for the DNA methylation analysis, we cannot exclude that left-right asymmetries might have influenced the results. 102 Finally, we cannot exclude that behavioral testing might have affected hippocampal DNA methylation/gene expression.
In conclusion, our data show that the effects of PS on DNA methylation in the hippocampus of female offspring are partially dependent on the 5-Htt genotype and that various genes which displayed changes of their methylation signature were also differentially expressed. Specifically, a differentially methylated genomic region in Mbp was associated with the gene's expression in a genotype-, PS-and G × E-dependent manner. The methylation rate of two CpG sites at the Mbp locus was related to Mbp expression and anxiety-related behavior, suggesting functional DNA methylation regulation of the Mbp gene. Our findings are the basis for further research that is expected to further explore the role of developmental epigenetic programming by PS, 5-Htt and their interaction.
